Growing evidence indicates that Wingless-type (Wnt) signaling plays an important role in the maturation of the central nervous system. We report here that Wingless-type family member 5A (Wnt-5a) is expressed early in development and stimulates dendrite spine morphogenesis, inducing de novo formation of spines and increasing the size of the preexisting ones in hippocampal neurons. Wnt-5a increased intracellular calcium concentration in dendritic processes and the amplitude of NMDA spontaneous miniature currents. Acute application of Wnt-5a increased the amplitude of field excitatory postsynaptic potentials (fEPSP) in hippocampal slices, an effect that was prevented by calciumchannel blockers. The physiological relevance of our findings is supported by studies showing that Wnt scavengers decreased spine density, miniature excitatory postsynaptic currents, and fEPSP amplitude. We conclude that Wnt-5a stimulates different aspects of synaptic differentiation and plasticity in the mammalian central nervous system. T he Wingless-type (Wnt) signaling pathway modulates several developmental processes, and it is activated by the interaction of the Wnt ligand with members of the Frizzled (Fz) family of seven transmembrane cell-surface receptors (1). It has been reported that Wnt signaling plays a key role in diverse aspects of neuronal development and connectivity (2), regulating axon guidance and remodeling (3), dendrite development (4), synapse formation, (5) and synaptic plasticity (6, 7). Several components of the Wnt pathway are localized at adult synapses, indicating that the molecular machinery required to transduce Wnt signaling is structurally localized at central synapses (8). Different pathways have been described downstream of Fz receptors: the canonical Wnt/β-catenin pathway and the noncanonical ones which involve intracellular signaling by Ca 2+ (the Wnt/Ca 2+ pathway) and the JNK cascade (the Wnt/JNK pathway) (9, 10). Different canonical Wnt ligands have been shown to modulate the presynaptic region. Wnt-7a increases the clustering of synapsin 1 in cerebellar neurons (3) and regulates the trafficking of the α 7 nicotinic acetylcholine receptor to presynaptic terminals in hippocampal neurons (11). In addition, double-mutant mice lacking Wnt-7a and Dishevelled 1 show impaired neurotransmitter release at existing synapses, suggesting a role for Wnt signaling in synaptic transmission (5). Wnt-7a and Wnt-3a were shown to induce the recycling and exocytosis of synaptic vesicles in mature hippocampal neurons and to enhance synaptic transmission in adult hippocampal slices (12). Wnt7a/b levels also were increased in CA3 pyramidal neurons by an enriched environment in which the increase in synapse number at the hippocampal stratum lucidum was shown to be mediated by Wnt signaling (13). Wnt-3a is able to modulate presynaptic differentiation (14, 15) , and it is released from synapses by an activity-dependent mechanism that facilitates postsynaptic long-term potentiation (6).
Growing evidence indicates that Wingless-type (Wnt) signaling plays an important role in the maturation of the central nervous system. We report here that Wingless-type family member 5A (Wnt-5a) is expressed early in development and stimulates dendrite spine morphogenesis, inducing de novo formation of spines and increasing the size of the preexisting ones in hippocampal neurons. Wnt-5a increased intracellular calcium concentration in dendritic processes and the amplitude of NMDA spontaneous miniature currents. Acute application of Wnt-5a increased the amplitude of field excitatory postsynaptic potentials (fEPSP) in hippocampal slices, an effect that was prevented by calciumchannel blockers. The physiological relevance of our findings is supported by studies showing that Wnt scavengers decreased spine density, miniature excitatory postsynaptic currents, and fEPSP amplitude. We conclude that Wnt-5a stimulates different aspects of synaptic differentiation and plasticity in the mammalian central nervous system. T he Wingless-type (Wnt) signaling pathway modulates several developmental processes, and it is activated by the interaction of the Wnt ligand with members of the Frizzled (Fz) family of seven transmembrane cell-surface receptors (1) . It has been reported that Wnt signaling plays a key role in diverse aspects of neuronal development and connectivity (2) , regulating axon guidance and remodeling (3), dendrite development (4), synapse formation, (5) and synaptic plasticity (6, 7) . Several components of the Wnt pathway are localized at adult synapses, indicating that the molecular machinery required to transduce Wnt signaling is structurally localized at central synapses (8) . Different pathways have been described downstream of Fz receptors: the canonical Wnt/β-catenin pathway and the noncanonical ones which involve intracellular signaling by Ca 2+ (the Wnt/Ca 2+ pathway) and the JNK cascade (the Wnt/JNK pathway) (9, 10) . Different canonical Wnt ligands have been shown to modulate the presynaptic region. Wnt-7a increases the clustering of synapsin 1 in cerebellar neurons (3) and regulates the trafficking of the α 7 nicotinic acetylcholine receptor to presynaptic terminals in hippocampal neurons (11) . In addition, double-mutant mice lacking Wnt-7a and Dishevelled 1 show impaired neurotransmitter release at existing synapses, suggesting a role for Wnt signaling in synaptic transmission (5) . Wnt-7a and Wnt-3a were shown to induce the recycling and exocytosis of synaptic vesicles in mature hippocampal neurons and to enhance synaptic transmission in adult hippocampal slices (12) . Wnt7a/b levels also were increased in CA3 pyramidal neurons by an enriched environment in which the increase in synapse number at the hippocampal stratum lucidum was shown to be mediated by Wnt signaling (13) . Wnt-3a is able to modulate presynaptic differentiation (14, 15) , and it is released from synapses by an activity-dependent mechanism that facilitates postsynaptic long-term potentiation (6) .
Recent studies indicated that a different Wnt ligand, Wnt-5a, inhibits hippocampal synapse formation (15) , enhances field excitatory postsynaptic potentials (fEPSP) (12, 16) , promotes the clustering of postsynaptic density protein-95 (PSD-95) (16), increases trafficking of GABA A receptors (17) , and prevents the toxicity of amyloid-β oligomers at hippocampal synapses (18) .
These results prompted us to evaluate the role of Wnt-5a in dendrite spine formation and glutamatergic neurotransmission in cultured neurons and in the adult hippocampus. Our results provide definitive evidence indicating that Wnt-5a is a postsynaptic factor acting at the mammalian central nervous system.
Results

Expression and Distribution of Wnt-5a in Cultured Hippocampal
Neurons and in the Rat Hippocampus. The Wnt signaling pathway plays a role in different aspects of the nervous system development and function (2, 8, 10) . In an attempt to understand the role of Wnt ligands in normal synaptic development, we studied the distribution of Wnt-5a in hippocampal neuronal cultures. We observed that during early development, at 4 d in vitro (DIV), Wnt-5a is expressed in neurons and is trafficked mainly to the axon, although Wnt-5a immunoreactivity also is observed in dendrites. At this stage, Wnt-5a was codistributed with phosphorylated MAP1B (Fig. 1A) . On DIV 7, Wnt-5a still is present in axons costained with Bassoon and Piccolo, two active-zone cytomatrix proteins associated with a presynaptic precursor transport vesicle, and with the vesicular glutamate transporter 1 (VGlut1), a synaptic vesicle protein (Fig. 1B) . Although Wnt-5a is distributed with these axonal proteins, it does not seem to colocalize with Bassoon, Piccolo, or VGlut1 puncta (Fig. 1C) . Wnt-5a also was detected on growth cones stained with an anti-β-tubulin antibody to show microtubule distribution and with DNase I to show G-actin (Fig. 1D ). Higher magnification shows a punctate staining pattern of Wnt-5a in growth cones (Fig. 1E, arrows) .
We also analyzed the temporal appearance of Wnt-5a in differentiating hippocampal neurons and observed that Wnt-5a was detected at DIV 4, increasing its expression through DIV 7, reaching a plateau at DIV 14, and maintaining this high level of expression until DIV 21 (Fig. 1F) . We also studied the expression of Wnt-5a in the developing hippocampus and observed that Wnt5a is detectable before birth and starts to increase its expression at postnatal day 10 (P10) reaching its maximum expression level at adult stages (P >30), concomitant with the increase of synaptophysin. N-cadherin, was used as the loading control (19) , because it has a constant expression at all ages studied (Fig. 1G ).
Wnt-5a Increases Spine Morphogenesis in Cultured Hippocampal
Neurons. Because Wnt-5a is present in axons, we evaluated its possible effect on postsynaptic neurons. First, we studied the effect of Wnt-5a on dendritic spine density. Hippocampal neurons transfected with EGFP were treated at DIV 12 with control- and Wnt-5a-conditioned media ( Fig. 2A) . Wnt-5a treatment for 30-120 min induced a transient increase in dendritic protrusions with a maximal effect at 30 min ( Fig. 2 A and B) . To assess whether the increase in dendritic protrusions produces an increase in dendritic spines, we analyzed the number of protrusions (0.5-3.0 μm in length) containing the postsynaptic scaffold protein PSD-95. As previously reported, Wnt-5a treatment significantly increased PSD-95 clustering (the number of PSD-95-positive spines per neurite length) (16) . According to these data, 54% of the induced protrusions are differentiated into dendrite spines that contain the postsynaptic marker, and the ratio of PSD-95-positive/ PSD-95-negative protrusions in a 2-h period increases ≈20%. These results suggest that the effect of Wnt-5a is twofold: It increases dendritic protrusions, and it induces these protrusions to mature into postsynaptic structures.
The increase in dendritic protrusions also was observed when GFP-transfected neurons at DIV 14 were treated for 2 h with 250 ng/mL recombinant Wnt-5a (rWnt-5a) (Fig. 2C ). This effect was blocked by cotreatment with the Wnt antagonist soluble Frizzledrelated protein 2 (sFRP-2) (Fig. 2 C and D) , which binds to Wnt, preventing interaction with cellular receptors (20) . To demonstrate specificity for the Wnt-5a effect, we used recombinant Wnt3a (rWnt-3a). As indicated in Fig. 2 C and D, no effect on dendrite protrusions was observed by treatment with rWnt-3a. To assess whether the effect of Wnt-5a is limited to de novo formation of spines, we analyzed live-cell time-lapse imaging of the formation of dendrite protrusions in response to rWnt-5a in GFP-transfected hippocampal neurons at DIV 14 ( Fig. 2E) . Quantification of dendrite protrusions in secondary neurites confirms the de novo formation of dendrite spines in response to rWnt-5a treatment ( Fig. 2E and Fig. S1 , filled arrows), resulting in a 23 ± 7% increase in the density of dendrite spines. rWnt-5a also was able to induce an increase in the size of spines in 25 ± 8% of preexisting protrusions ( Fig. 2E and Fig. S1 , empty arrows). These results indicate that Wnt-5a has a positive effect on spine morphogenesis in hippocampal neurons.
To assess the role of endogenous Wnt signaling on spine morphogenesis, DIV 12 hippocampal neurons were cultured for 48 h in the presence of the soluble cysteine-rich domain (CRD) of Fz2, one of the receptors for Wnt-5a (21, 22) . Fz receptors have an extracellular N-terminal region that contains a CRD consisting of 120-125 residues with 10 conserved cysteines that is necessary for the binding of Wnt molecules (23) . There was a significant decrease in dendritic spine density in neurons treated with 2 μg/mL Fz2-CRD as compared with control neurons (Fig. S2 ). On the other hand, treatment with the soluble CRD of Fz1, a welldescribed receptor for Wnt-3a (24, 25) , induced only a minor decrease in spine density that was not statistically significant ( Fig. S2 ).
Acute Wnt-5a Application Induces an Increase in fEPSP Amplitude in a Calcium-Dependent Manner in Hippocampal Slices. Next, we explored whether the effect of Wnt-5a at the structural postsynaptic level correlates with functional synaptic changes that potentially regulate synaptic plasticity. In previous studies, treatment of hippocampal slices with a concentrated sample of Wnt-5a during long-time exposure resulted in changes in fEPSP without affecting paired pulse facilitation (12, 16 ). Here we extended these findings and explored more physiological conditions, including short exposure and low concentrations of Wnt5a in comparison with other trophic factors such as BDNF (26, 27) . First we carried out a dose-response experiment in which adult hippocampal slices were exposed to different concentrations of Wnt-5a for 10 min. Under these conditions, we observed a concentration-dependent increase in fEPSP amplitude, as represented by the sigmoid plot shown in Fig. 3A . The Inset shows the immunodetection of Wnt-5a present in the conditioned medium; rWnt-5a was used as control. The calculated EC 50 was ≈0.6 pM. These results show that 2.0 pM of Wnt-5a has a clear effect on fEPSP amplitude, and that value was selected for subsequent experiments. The observed effect of Wnt5a-conditioned medium was completely abolished when slices were coincubated with the Wnt antagonist sFRP-2 (Fig. 3B) , and no effect was observed with the canonical ligand Wnt-3a (Fig. 3C) , indicating that the increase in fEPSP amplitude is induced specifically by the Wnt-5a ligand. Because synaptic activity is strongly modulated by calcium, we explored the role of calcium in fESPS amplitude changes induced by Wnt-5a. Incubation of hippocampal slices with Wnt-5a was carried out in the absence of calcium. As indicated in Fig. 3D , this condition completely prevented the effect of Wnt-5a. In addition, cadmium was used as a general blocker of calcium channels. In slices exposed to Wnt-5a in the presence of 2 mM cadmium, no change in the amplitude was observed (Fig. 3E) , indicating that calcium entry is responsible for the changes in fEPSP amplitude induced by Wnt-5a. Then hippocampal slices were coincubated with 5 μM nifedipine, an L-type calcium channel blocker, which blocked most of the Wnt-5a effect on fEPSP amplitude (Fig. 3F) . Taken together, these experiments indicate that the Wnt-5a effect on fEPSP is a calcium-dependent process, mediated by the entry of calcium through calcium channels.
Finally, to assess the effect of inhibiting endogenous Wnt signaling, hippocampal slices were perfused with sFRP-2 alone, which binds to Wnt and prevents interaction with neuronal receptors. Under this condition, after a delay of 5 min, a clear decrease in the fEPSP amplitude was observed that lasted more than 20 min (Fig. 3G) , suggesting that removal of endogenous Wnt-5a modulates fEPSP tone. These results suggest a relationship between the effects of Wnt-5a at the dendritic spine level and synaptic activity. Fig. S1 ). Ca 2+ pathway (28) . Therefore, we studied the role of Wnt-5a in calcium signaling in hippocampal neurons. Intracellular calcium changes were studied using the probes Fluo-3 and Fura Red (29) . In developing DIV 3 neurons, Wnt-5a induced a burst of calcium that was not observed in neurons exposed to control medium (Fig. 4A) . Fig. 4B shows representative images of control and Wnt-5a-treated neurons just before the addition of the medium (250 s) and after treatment for 400 s (650 s). An increase in the green signal (Fluo-3) concomitant with a decrease in the red signal (Fura Red) was observed in Wnt-5a-treated neurons (Fig. 4B, arrows) , indicative of an increase in the intracellular calcium concentration. In mature DIV 14 hippocampal neurons, treatment with recombinant Wnt-5a induced a rapid, transient increase in the intensity of the calcium indicator Fluo-3 contained in the dendritic compartments (Fig. 4C and Movie S1). The maximal neurite intensity of the calciumsensitive probe was significantly higher in Wnt-5a-treated neurons than in vehicle-treated neurons (Fig. 4D and Movie S2). Interestingly, we have observed previously that the increase of CaMKII activity by Wnt-5a occurs after 5 min of treatment (16) . The rapid increase in the intracellular calcium concentration observed here could account for the rapid increase in CaMKII activity in response to Wnt-5a. Taken together, these results indicate that Wnt-5a activates the Wnt/Ca 2+ signaling pathway in hippocampal neurons, and this effect probably is linked to the increase observed in dendrite spines and fEPSP amplitude.
Wnt-5a Affects Glutamatergic Transmission in Cultured Hippocampal
Neurons. Our studies indicated that Wnt-5a induces changes in spine density and intracellular calcium concentration and increases fEPSP amplitude. Therefore, we evaluated Wnt-5a effects on glutamatergic neurotransmission in cultured hippocampal neurons. Endogenous synaptic activity in hippocampal cultures at DIV 10 are shown in Fig. S3 . We observed an increase in the amplitude of miniature excitatory postsynaptic currents (mEPSC) when cultures were exposed to Wnt-5a for 15 min (Fig. 5A ). This effect was blocked by coincubation with the Wnt antagonist sFRP-2 and was mimicked by incubation with a formylated hexapeptide (Formyl-6aa) derived from the sequence of Wnt-5a that mimics the action of the full Wnt-5a molecule ( Fig. 5A) (16, 30) . To evaluate the effect of endogenous Wnt-5a signaling, we incubated neurons with sFRP-2. As indicated in Fig. 5A , treatment with sFRP-2 alone induced a significant decrease in mEPSC amplitude. Then, we used different drugs [TTX, picrotoxin (PTX), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo(F)quinoxaline (NBQX), and magnesium] to isolate NMDA and AMPA neurotransmission in the presence or absence of Wnt-5a (Fig. 5B) . Increased NMDA mEPSC amplitude was observed clearly after 15 min incubation with Wnt-5a, but only a subtle effect was observed for the AMPA current ( Fig.  5 C and D) . These results indicate that Wnt-5a regulates glutamatergic neurotransmission in cultured hippocampal neurons. These effects indicate that Wnt-5a induces postsynaptic changes and probably has a role in modulating synaptic plasticity in correlation with the calcium entry in dendrite spots and with the structural changes described. 
Discussion
In the last few years there has been wide interest in the role of Wnt signaling in synapse formation and function. In particular, the role of Wnt-7a in presynaptic differentiation and function has been described (3, 5, 11, 12) , and more recently a role for Wnt-5a in PSD-95 clustering and GABA A receptor recycling has been established (16, 17) . Here we aimed to study the expression and distribution of Wnt-5a in hippocampal neurons and to characterize further the role of this ligand in the postsynaptic structure and function. We found that the Wnt-5a ligand is expressed in hippocampal neurons and is distributed mainly in the axon during early development, showing clustered staining in axons and growth cones. In the Drosophila larval neuromuscular junction, Wingless (Drosophila Wnt homolog) is released on exosome-like vesicles containing the Wnt-binding protein Evenness Interrupted/Wntless/Sprinter (Evi/Wls/Srt) (31). Evi is required for trafficking Wingless from the cell body to the presynaptic terminals and for the secretion of Wingless, which is transported across synapses by Evi-containing vesicles (31) . Whether Wnt-5a is secreted via the same mechanism in mammals remains to be determined.
We observed that Wnt-5a expression increases during differentiation of hippocampal neurons and in the hippocampus, showing constant high levels in adult stages. This expression pattern suggests that this ligand may have a role not only during neural differentiation but also in synaptic maintenance and function in adult nervous system (8) . A role in synaptic maintenance is supported further by the presence of many Wnt components in adult brain (6, 12, 24, 32, 33) . These components have been detected in synaptosomal fractions (5, 14) , indicating that the Wnt machinery is present at the synapse, and therefore a local activation of the adult Wnt pathway is plausible. We evaluated the potential role of Wnt-5a in spinogenesis and showed that Wnt-5a induced a transient formation of dendrite protrusions that resulted in a net increase of mature dendrite spines containing the postsynaptic marker PSD-95. Videomicroscopy revealed that Wnt-5a induced de novo dendrite spine formation and also increased the size of preexisting spines, thus implicating a Wnt ligand in dendrite spine morphogenesis in mammals. The effect on dendrite spines, suggests that Wnt-5a has an effect on synapse structure and function. In addition, we observed a strong effect in fEPSP amplitude in response to a short application of Wnt-5a, an effect dependent on calcium entry through cadmium-sensitive, voltage-dependent calcium channels and with the contribution of L-type calcium channels. The precise mechanism by which Wnt-5a induces calcium influx has not been determined.
Calcium is critically involved in synaptic activity, and intracellular calcium changes are classic hallmarks of plasticity in neurons. We determined that Wnt-5a induced a rapid increase in the intracellular calcium concentration, an increase that was observed particularly in dendrite puncta that could be related to synaptic events, suggesting that Wnt-5a may activate the Wnt/ Ca 2+ signaling pathway. The Wnt/Ca 2+ pathway involves an increase in intracellular calcium concentration that modulates the calcium-sensitive proteins CaMKII and PKC (28, 34) . We have shown previously that in neurons Wnt-5a induces a rapid increase in CaMKII phosphorylation (16) and that the activation of CaMKII by Wnt-5a induces the recycling of functional GABA A receptors on mature hippocampal neurons (17) . Taken together, our findings suggest that Wnt-5a signaling through the Wnt/Ca 2+ pathway modulates spine morphogenesis and synaptic function. A recent study indicated that Wnt-3a is able to induce an increase both in the intracellular calcium concentration and in the frequency of mEPSC (35) . These changes probably are related to the presynaptic release of neurotransmitter, a result consistent with our earlier studies showing that Wnt-3a modulates the recycling of synaptic vesicles in hippocampal synapses (12) . In the present study, we determined that Wnt-3a was not able to increase dendrite spine density and fEPSP amplitude, as Wnt-5a does, suggesting that the effects of Wnt-5a occur at the postsynaptic level. Previous studies from our group described different effects of the Wnt pathway at the synapse. The canonical Wnt-7a ligand acts as a stimulator of the presynaptic activity (11, 12) , whereas Wnt-5a ligand could act on the postsynaptic region by changing PSD-95 clustering and GABA A receptor trafficking (16, 17) . The different locations of the receptors might contribute to the different effects of the various Wnt ligands.
Concerning the postsynaptic receptors for Wnt-5a, it is noteworthy that different postsynaptic effects of the ligand have been observed, some of which, such as spinogenesis, the enhancement of glutamatergic transmission, and the modulation of GABA A receptor recycling, are related to the Wnt/Ca 2+ signaling pathway (17) . On the other hand, PSD-95 clustering is induced by the Wnt/JNK pathway (16) , also known as the "Wnt/planar cell polarity pathway" (34) . Therefore Wnt-5a may interact with at least two different postsynaptic receptors, one of the Fz type, such as Fz2 (21), probably involved in the Wnt/Ca 2+ pathway, and another, the receptor tyrosine kinase-like orphan receptor 2 (Ror2) involved in the Wnt-5a/JNK pathway (36) , localized in the somatodendritic compartment where it might interact directly with Wnt-5a (37, 38) . An alternative Wnt receptor might be the receptor-like tyrosine kinase (Ryk), which is required for Wnt-5a-mediated axon guidance in the corpus callosum (39) .
The results presented in this study indicate an acute effect of Wnt-5a on synaptic activity in cultured hippocampal neurons. When acutely applied, Wnt-5a increased the activity, in particular the amplitude of the events. This increase may be related to the effects on calcium entry. In addition, Wnt-5a had a functional effect on glutamatergic neurotransmission, increasing the amplitude of miniature currents of NMDA. It is likely that the effect on glutamatergic neurotransmission is concomitant with the increase in spine density, calcium changes in spot location, and synaptic PSD-95 clustering induced by Wnt-5a in cultured hippocampal neurons.
To address the physiological relevance of the effects of Wnt-5a, we first challenged the effect of this ligand with the soluble version of the Fz2 receptor (Fz2-CRD), one of the receptors described for Wnt-5a (21, 22) . Under such conditions, a decreased in dendrite spine density was observed. Second, incubation with sFRP-2 alone decreased mEPSC amplitude in cultured neurons. Third, fEPSP amplitude was reduced steadily by sFRP-2 perfusions to levels below the base line registered using hippocampal slices under control conditions. All these results, obtained under different experimental conditions, strongly suggest that a basal tone of Wnt-5a activity was affected by the treatment with the soluble Wnt receptors and support the idea that endogenous Wnt-5a signaling plays a relevant role in the normal synaptic structure and function of mammalian hippocampus.
In other regions of the nervous system, it has been shown that Wnt-5a ligand regulates ventral midbrain morphogenesis and dopaminergic progenitor cell division and differentiation in vivo (40, 41) . Wnt-5a also has been shown to be a downstream effector of nerve growth factor in mediating axonal branching and growth in developing sympathetic neurons (42) and simultaneously increasing cortical axon outgrowth and inducing repulsive turning (43) . We have determined that in the hippocampus Wnt-5a is expressed in neurons during development, modulates the formation and maturation of dendritic spines, increases intracellular calcium concentration, stimulates glutamatergic transmission, and therefore might play a role in synaptic plasticity. Overall, these findings indicate that Wnt-5a normally is expressed in the hippocampus, where it plays a trophic role in neuronal differentiation and modulation of synaptic activity.
Methods
Primary Culture of Rat Hippocampal Neurons and Neuronal Transfection. Rat hippocampal cultures were prepared from Sprague-Dawley rats at embryonic day 18 as described previously (12, 16, 44) .
Immunofluorescence. Immunofluorescence was performed as previously described (14) . Primary antibodies used were goat anti-Wnt-5a (R&D Systems), monoclonal anti-Bassoon antibody (Assay Designs), monoclonal anti-MAP1BP antibody (Sternberger Monoclonals), rabbit anti-β-tubulin (Santa Cruz Biotechnology), and rabbit anti-Piccolo (Synaptic Systems). The monoclonal antibody anti-VGlut1 was developed by and obtained from the University of California, Davis/National Institutes of Health (NIH) NeuroMab Facility. Images were captured with a Zeiss LSM 5 Pascal confocal microscope and analyzed using NIH ImageJ software. Live-cell imaging of dendritic spine morphogenesis is described in SI Methods.
Generation of Control-and Wnt-5a-Conditioned Media. Control-and Wnt-5a-conditioned media were prepared from L cells (ATCC CRL-2648) and L Wnt5a (ATTC CRL-2814) cells. rWnt-5a, rWnt-3a, and sFRP-2 were purchased from R&D Systems.
Calcium Imaging. For live-cell calcium imaging, hippocampal neurons were plated at a density of 5 × 10 4 cells in 60-mm cover slips. Hippocampal cells were loaded with the calcium-sensitive dyes Fluo-3 (5 μM) and Fura Red (15 μM) in DMEM high-glucose medium plus pluronic acid (0.02%) (Molecular Probes) for 30 min at room temperature, washed three times, and placed in a open-bath imaging chamber. Cells were imaged with a Zeiss LSM 5 Pascal confocal microscope with excitation at 488 nm, and emissions were detected at 505-530 nm for Fluo-3 and with an LP650 filter for Fura Red. For experiments with neurons at DIV 3, a 2:1 volume of Wnt-5a-conditioned medium or control-conditioned medium was added with a micropipette to the cells at 250 s and cells were imaged every 10 s for 10 min. Fluo-3/Fura Red intensity ratios of cell bodies were analyzed using ImageJ imaging software.
For the experiments in neurons at DIV 14, vehicle (BSA 0.1%) or rWnt-5a (1 μg/mL) was added to the cells loaded with Fluo-3 after 2 min of basal imaging, and maximal fluorescence changes (ΔF/F0 max) were quantified in neuritic regions of interest using the ImageJ software.
Slice Preparation and Electrophysiology. Hippocampal slices were prepared according to standard procedures from 22-to 30-d-old C57BL/6 mice. Transverse slices (250-300 μm) from the dorsal hippocampus were cut under cold artificial cerebrospinal fluid and recorded as previously described (18) . Recordings are detailed in SI Methods.
Whole-Cell Patch Clamp. The culture medium in the plate was replaced with an external solution containing (in mM): 150 NaCl, 5.4 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 10 glucose, and 10 Hepes (pH 7.4). The internal solution contained (in mM) 120 KCl, 2.0 MgCl 2 , 2 ATP-Na 2 , 10 BAPTA, 0.5 GTP, and 10 Hepes (pH 7.4). The patch-clamp technique was carried out according to Hamill et al. (45) . The recordings were obtained in pClamp 10, and responses were analyzed offline, using the analysis software pClampfit (Axon Instruments, Inc.) and Mini Analysis 6 (Synaptosft, Inc.), which allowed visual detection of events, computing only those events that exceeded an arbitrary threshold calculated based on rms obtained in the computing software. A value fivefold over the rms measured was used in the miniature current analysis.
